Aeropyrum pernix is the first crenarchaeote and first aerobic member of the Archaea for which the complete genome sequence has been determined. The sequence confirms the distinct nature of crenarchaeotes and provides new insight into the relationships between the three domains: Bacteria, Archaea and Eukaryotes.
The sixth archaeal genome to be completed was published recently in DNA Research [1] . In their paper, Kawarabayashi and 29 coworkers present the sequence of all 1,669,695 base pairs present in the genome of the hyperthermophilic archaeon Aeropyrum pernix. Their paper is a model of decorum and restraint, and leaves the field wide open for speculators such as ourselves. Surprisingly, for such an unknown organism, the A. pernix genome sequence resolves some longstanding issues surrounding the origin of the eukaryotic cell, and provides valuable information on the prevalence and importance of lateral gene transfer. This is the first time that the complete genome sequence has been determined for a crenarchaeote, one of the two major subdivisions of the Archaea. The other published complete archaeal genomes are from euryarchaeotesMethanobacterium thermoautotrophicum, Methanococcus jannaschii, Archaeoglobus fulgidus, Pyrococcus horikoshii and Pyrococcus abysii -which are on the other side of the deepest division in the archaea. This division -originally defined by small subunit rRNA sequences -is now supported by phylogenetic reconstructions of several other macromolecular components of the transcription and translation apparatus. We used to think that all crenarchaeotes are hyperthermophiles, but now we know we can find them in the Antarctic, in ordinary soils and the open oceanwhere, at some depths, they can comprise up to 30% of the total flora [2] .
So A. pernix comes to us from the largest remaining track of genomically unexplored territory in the living world. It also comes with some extra and controversial phylogenetic baggage. Lake [3] has long held that crenarchaeotes -he calls them 'eocytes' -are the archaeal group from within which the eukaryotes, or more specifically the nonorganellar part of eukaryotes, arose. This hypothesis is supported by an insertion in the gene for EF-1α and a few phylogenetic gene trees, but it is not obviously supported by the A. pernix genome sequence [1] .
Surprises, significances and trivia
So what, at first pass, does the A. pernix genome sequence have to tell us? Surprisingly, the genome lacks genes coding for histone homologs -found in eukaryotes and euryarchaeotes -but it does have genes coding for small, basic DNA binding proteins, comparable to the histonelike proteins found in bacteria. Equally surprising, A. pernix has no identifiable homologs of the prokaryotic celldivision genes ftsZ or minD. The first of these two genes has been found in all free-living bacteria and archaea examined so far; it is known to be essential for cell division in several species, and encodes what is almost certainly the prokaryotic homolog of tubulin. A. pernix has no tubulin gene, either.
A broader, genome-wide survey of the A. pernix gene complement is also discouraging for the eocyte hypothesis. We used the new TAXTABLE feature of the NCBI Entrez Genomes database -available at the website www.ncbi.nlm.nih.gov/Entrez/Genome/org.html -to compare the genome sequence of A. pernix, as well as those of the euryarchaeotes Mb. thermoautotrophicum, Mc. jannaschii, A. fulgidus, and Pyrococcus horikoshii, to a non-redundant protein database. The TAXTABLE feature uses the BLAST program to compare large sets of sequences to find 'hits' -pairs of sequences that are significantly similar to each other. We set stringent conditions: the best hit had to be against a eukaryotic gene, and this hit had to be significantly better than any archaeal or bacterial hit (for details see Figure 1 ). We find that A. pernix has, if anything, fewer 'eukaryotic genes' than the four euryarchaeotes (five versus an average of eleven).
Lateral genomics
There is, however, another issue on which complete genome sequences are shedding important light that is presently of greater interest than the eocyte hypothesis. This is the question of the impact and prevalence of the lateral -or horizontal -transfer of genes between bacteria and archaea. Many authors (including us) have argued that the sharing of genes between bacteria and archaea has been a powerful force in their evolution [4] [5] [6] . Such arguments have been based in part on a few well-analyzed gene trees. A. pernix certainly provides its own good examples of this, and will stimulate many more exhaustive gene-by-gene phylogenetic surveys. Figure 1 illustrates two instances of genes of clear bacterial origin found in A. pernix and (so far) no other archaea.
Such individual cases can always be dismissed as exceptional or anecdotal. Exhaustive genome-by-genome BLAST surveys provide more comprehensive measures of the extent of lateral gene transfer [7, 8] . These too can be criticized, however, because they do not involve the making of phylogenetic trees, and certainly not of properly rooted trees, so that noise and domain-specific differences in the rate of sequence change could be misleading us. Furthermore, the most extravagant claim -that 24% of the Thermotoga maritima genome is archaeal in origin [8] has been made about a potential basal (deeply diverging) lineage, which might simply have retained many genes from the presumed hyperthermophilic common ancestor of the Bacteria and Archaea.
Archaeal genomes and bacterial content: size matters
We believe that a more persuasive argument for the importance of lateral gene transfer can be based on a sort of meta-analysis -a comparison of the results of such genome-by-genome BLAST surveys. First, we used the data in TAXTABLE to assess the number of 'bacteriallike' genes -that is, genes that appear be bacterial in origin and gained by lateral transfer -in the genomes of A. pernix and the four euryarchaeotes. (The highest hit had to be bacterial, and no archaeal or eukaryotic hit in GenBank could be close, by the same criteria as described in Figure 1 .) We found that A. pernix has 132 such genes.
A cursory look shows these genes to be overwhelmingly of the sort Jain et al. [9] call 'operational' -those concerned with metabolism, transport and so forth. Very few -other than the shamelessly promiscuous aminoacyl tRNA synthetases -are 'informational'. Next Examples of lateral gene transfer in Aeropyrum pernix. The panels illustrate two genes from A. pernix that have a significant BLAST score (at least 50 bits) to a bacterial gene, but no high BLAST scores to archaeal or eukaryotic genes (best bacterial hit -10 bits). In both cases the A. pernix sequence was aligned with homologous genes using ClustalW, and a maximum-likelihood phylogenetic tree was constructed using Puzzle; ClustalW and Puzzle were accessed through the online programs from the Institut Pasteur (bioweb.pasteur.fr). The results, which are summarised in Figure 2 , surprised us. Although eukaryotic-like genes make up a comparable or decreasing fraction of the total in all the genomes, the fraction (not just the absolute number) of bacterial-like genes appears to increase with genome size, while the fraction of archaeal-like genes gets smaller. The trivial explanation that most such high BLAST scores are simply the noise we expect when we BLAST the relatively few sequenced archaeal genes against the many sequenced bacterial genes is untenable. Larger genomes should have a larger amount, but not a larger fraction, of such noise. Furthermore, the database of eukaryotic genes should provide an even bigger target for such fortuitous artefactual hits, and yet there are few eukaryotic hits of any sort. So we think that Figure 2 has to be telling us -more persuasively than anecdotal trees or pairwise BLAST analyses -that lateral gene transfer is a major evolutionary force. Our reasoning is as follows.
Without lateral transfer, variation in gene number and composition among archaea could result only from three processes: first, creation of new genes through gene duplication and divergence within a genome; second, creation of new genes from non-coding sequences; or third, loss of genes from a gene-rich archaeal common ancestor. Some of the genes derived from this archaeal ancestor will give higher BLAST scores with bacterial genes than do others, because they have changed less in sequence since the time of the bacterial/archaeal common ancestor. We can think of no reason, however, why such conservative, bacterial-like genes would be preferentially lost in archaeal genomes that are now smaller than the ancestral genome, nor any reason why they should be preferentially duplicated in genomes which are now larger -but one or the other would be required to explain the pattern in Figure 2 , if we do not invoke lateral gene transfer. On the other hand, if we allow lateral gene transfer, and accept that larger archaeal genomes have more transferred genes, the increase in fraction of bacterial-like genes shown by Figure 2 is the expected result. Figure 2 also indicates that the genes being passed around between bacteria and archaea are of many sorts. The bacterial genes identified in one archaeal genome are not those identified in another, because of how the analysis was done (picking the genes with the strongest hit to a bacterial gene, and no strong hit to other archaeal genes in GenBank). Thus the values in Figure 2 , which correspond to 6.4-12.5 % of total open reading frames, must seriously underestimate the frequency and extent of bacteria-toarchaea transfer as an evolutionary force. Any independent transfer of the same bacterial gene to two archaeal genomes, or transfer before the divergence of two archaeal species -Mt. thermoautotrophicum and Mc. jannaschii, for instance -will have been overlooked, as, of course will have any archaea-to-archaea transfers.
It seems likely that the large pool of shared bacterial/archaeal genes is preferentially enriched in operational genes. Why? Jain et al. [9] suggest that this is because informational genes tend to have products which interact with many other cellular proteins, and are thus unlikely to work in a foreign cytoplasm. Maybe, but we prefer a different explanation. The products of informational genes more often perform functions that are essential at all times under all conditions for all cells. Although informational genes can be replaced with orthologous or even non-orthologous genes that perform the same function, this will seldom be selectively advantageous, and thus will be very rare. (Exposure to antibiotics targeted to replication, transcription or translation is one situation under which replacement could be advantageous). Operational genes, on the other hand, can often be dispensable in some circumstances -as in the case of the trp operon in rich media, or of motility or chemotaxis genes when there is nowhere for the cell to go -and can thus suffer mutational inactivation. When circumstances again require such functions, laterally transferred genes would provide enormous selective advantage.
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Figure 2
The proportion of bacterial-like genes increases with increasing genome size in archaea. This plot shows for each of the five sequenced archaeal genomes the number of best hits (as defined in the text) to genes of archaeal (red), bacterial (purple), or eukaryotic (cyan) source. The initials of the archaeal genomes -Mj, Mc. jannaschii; Ap, A. pernix; Ph, P. horikoshii; Mt, Mb. thermoautotrophicum; Af, A. fulgidus -are beside the corresponding point for archaeal-source hits. The analysis was done with the same database, so the order that the genomes were sequenced has no effect. An interpretation of this correlation is that, since diverging from bacteria, archaea have increased genome size primarily by acquiring genes of bacterial source. Using a regression line, the predicted number of bacterial best hits for several (as yet unavailable in TAXTABLE) archaeal genomes are: Pyrobaculum aerophylum (2.22 Mbp), 377 bacterial hits, 15.5% of the genome; Pyrococcus abysii (1.8 Mbp), 225 bacterial hits, 11% of the genome; Pyrococcus furiosus (2.1 Mbp), 327 bacterial hits, 14% of the genome. There is a second reason why informational genes will appear less liable to be transferred. Because most informational genes have to be present in all genomes, their transfer will only be detectable by methods which reconstruct trees, not by those which score presence or absence. The method we used preferentially (although not exclusively) identifies genes of this latter sort. Only more -and more diverse -complete archaeal genome sequences can ultimately confirm the conclusions we have drawn from Figure 2 . Our prediction that larger archaeal genomes will have an even higher fraction of bacterial-like genes may turn out to be foolish forecasting based on a few data points, but it is still fun to be able to predict anything about the evolution of microbial genomes.
